The development and
Introduction
It is well recognized that molecular chirality is essential to life processes, and that most biologically active compounds controlling physiological functions of living organisms are chiral. Hence, in the structural study of biologically active compounds, including natural products, determination of the absolute configuration becomes the first major issue. The second issue is chiral synthesis of natural products and biologically active compounds that become pharmaceutical targets and how efficiently the desired enantiomers can be synthesized with 100% enantiopurity or enantiomeric excess (% ee). Furthermore, studies on chiral functional molecules and molecular machines, such as the light-powered chiral molecular motor developed in our laboratory, has been rapidly progressing in recent years. Therefore, the unambiguous determination of the absolute configuration of chiral compounds as well as their chiral syntheses are of vital importance in the field of material science.
We have recently developed chiral carboxylic acids as novel molecular tools proven to be powerful for enantioresolution and simultaneous determination of the absolute configuration of various alcohols. Those chiral molecular tools are very useful for the facile synthesis of enantiomers with 100% ee and also for the absolute configurational assignment. The methods using these chiral tools have been successfully applied to various compounds, and their methodologies and applications are explained throughout this paper.
Methodologies for determining absolute configuration and their evaluations
The methodologies for determining the absolute configurations of chiral compounds are classified into the following two categories. 2.1 Nonempirical methods for determining absolute configurations of chiral compounds: As the methods in this category, there are the Bijvoet method of X-ray crystallography1) and the circular dichroism (CD) exciton chirality method.2) These powerful methods provide nonempirical determination of a target molecule's configuration without knowledge of the absolute configuration of reference compounds. In X-ray crystallography, since the anomalous dispersion effect of heavy atoms can be measured very accurately under proper conditions, the absolute stereostructure obtained is unambiguous and reliable. In addition, the molecule can be projected as a three-dimensional structure, and, therefore, the method has been employed extensively. However, the X-ray method needs single crystals of suitable size good for X-ray diffraction, and so the critical problem is how to obtain such single crystals. As a consequence, a study using this method often becomes a lengthy trial-and-error search for ideal single crystals.
The CD exciton chirality method2) is also useful because the absolute configuration can be determined in a nonempirical manner, and it does not require crystallization. Furthermore, chiral chemical and biological reactions are traceable by CD, and even the absolute configurations and conformations of unstable compounds can be obtained by this method. However, because some compounds are not ideal targets for this method, the results must be interpreted carefully. of the target compound, is also defined as enantioresolution. 3.1 Enantioresolution of racemates: Type a). In this method, a chiral auxiliary is ionically bonded to racemates as seen in the conventional cases of acid-base combination, and a mixture of the diastereomers formed is subjected to fractional recrystallization to obtain enantiopure compounds. This method is also applicable to inclusion complexes formed by, e.g., hydrogen bonding.7-9) The critical point is whether or not the diastereomer can be obtained with 100% enantiopurity through fractional recrystallization. It should be noted that recrystallization does not always afford a 100% enantiopure diastereomer. If this method is successful, it is suitable for the mass preparation of chiral compounds.
Type b). In this method, a chiral auxiliary is covalently bonded to racemates to produce a diastereomeric mixture, which is separated by conventional HPLC on silica gel or other methods to enantiopure diastereomers, and then the chiral auxiliary is cleaved off (Fig. 1 ). This method can yield an enantiopure compound. The point is whether or not diastereomers can be clearly separated by HPLC. If a clear separation is achieved, each diastereomer obtained is enantiopure, and the target compound after cleavage of the chiral auxiliary is also 100% enantiopure. It is advisable to use a chiral auxiliary that can be cleaved off easily. Type c). This is an excellent method where racemates are directly enantioseparated by HPLC or GC using columns made of chiral stationary phases, and a number of reports have been published.14) The question is again whether racemates are clearly separated into two enantiomers or not. If a clear separation is achieved, 100% pure enantiomers are obtained by this method as well. The method is convenient and suitable for analytical separation, as it does not require derivatization. In general, chiral columns are expensive and are, therefore, mostly used for analytical purposes. However in some cases, mass separation is conducted on an industrial scale to obtain chiral compounds such as pharmaceutical materials. Careful analysis is required when determining absolute configuration by the elution order, as there are many exceptions.
Type d). This is a unique method where racemates undergo an enzymatic or asymmetric reaction to yield enantiomers by the kinetic resolution effect. In particular, high stereoselectivity of the enzymatic reaction leads to high enantiopurity.15) However, care should be taken, since the method does not always yield 100% enantiopurity. 3.2 Asymmetric syntheses: Type a). This is a highly efficient and powerful method to obtain chiral products by the action of a chiral reagent or chiral catalyst on achiral compounds. Being a well known method, many eminent reviews have been published for these asymmetric syntheses, and so no further explanation is required here. The problem with this method is that the products obtained are not always enantiopure. Furthermore, it is generally difficult to determine the absolute configuration of the products based on the reaction mechanism. Accordingly, an independent determination of the absolute configuration by the methods described above is suggested.
Type b). There is also another method to obtain chiral compounds such as by enzymatic reaction on achiral or meso compounds. The asymmetric reaction of a meso compound by an enzyme is particularly interesting and is defined as the desymmetrization reaction. In this case too, the enantiopurity is not always 100%, and the absolute configuration must be determined separately.
Camphorsultam dichlorophthalic acid (CSDP acid
(-)-1) useful for enantioresolution of alcohols by HPLC and determination of their absolute configurations by X-ray crystallography.
The authors consider that the most reliable and powerful method for determining the absolute configuration is the X-ray crystallography of compounds containing a chiral auxiliary with known absolute configuration as the internal reference, as described above. Namely, the absolute configuration of the point in question can be unambiguously determined from the ORTEP drawing showing a relative stereochemistry, because the absolute configuration of the chiral auxiliary is already known. Therefore, it is easy to determine the absolute configuration, and there is no possibility of making a mistake in the assignment.
We also consider that a highly efficient method for preparing an appropriate amount of various chiral compounds with 100% enantiopurity in a laboratory scale is the enantioresolution of type lb), as illustrated in Figs. 1 and 2 . In this method, a chiral auxiliary is covalently bonded to racemates, and the obtained diastereomeric mixture can be separated by conventional HPLC on silica gel. If the chromatogram shows a base-line separation, the diastereomers obtained are enantiopure. This method is characterized by a clear and efficient separation even with a small amount of sample, compared to the fractional recrystallization method described in type la).
As chiral auxiliaries satisfying these two requirements, we have designed and prepared a chiral molecular tool, camphorsultam dichlorophthalic acid (CSDP acid) (-)-1 connecting (1 S ,2 R,4 R)-2,10-camphorsultam and 4,5-dichlorophthalic acid, and have applied this chiral tool to various compounds ( Figure 2 ).16-29,38,44) The 2,10-camphorsultam was selected because of its good affinity with silica gel used in HPLC, allowing good separation of two diastereomers. In addition, the sultam amide moiety is effective for providing prismatic single crystals suitable for X-ray diffraction experiment. Furthermore, the (1 S,2 R,4R) absolute stereochemistry of 2,10-camphorsultam established is useful as the internal reference of absolute configuration. To connect alcohols, an ester bond was chosen, because it could be readily formed and cleaved off. Accordingly, 4, 5-dichlorophthalic acid was selected as a linker (Fig. 2) . 16, 17) In telephthalic acid and succinic acid, the two chiral moieties are separated spatially. However, in phthalic acid, they are close enough to result in a stronger interaction. So we expected its diastereomeric recognition would be effective in HPLC. on the absolute configuration of the camphorsultam moiety used as an internal reference. The R absolute configuration of 6a was also confirmed by the heavy atom effect of two chlorine and sulfur atoms contained. The solvolysis of the first-eluted ester (R)-(-))-6a with K2CO3 in Me0H yielded enantiopure alcohol (R)-(-)-5.
Although the absolute configuration of (+)-5 had previously been estimated as S by the Horeau method, the abnormality of its application had been pointed out.45) Therefore, The atoms are drawn as 50% probability ellipsoids, and the trifluoromethyl moiety takes a disordered structure. The following sections describe in detail the principle and applications of this chiral Mƒ¿NP acid method: a) synthesis of chiral Mƒ¿NP acid 2, b) determination of its absolute configuration by X-ray and chemical correlation, c) enantioresolution of racemic acid 2 with chiral alcohols, d) absolute configurational and conformational analyses of Mƒ¿NP acid esters by NMR and CD spectroscopic methods, e) enantioresolution of racemic alcohols and determination of their absolute configuration using chiral Mƒ¿NP acid 2, f) recovery of chiral alcohols with 100% enantiopurity from the separated diastereomeric esters. 5.1 Facile synthesis of Mƒ¿NP acid (2) and its extraordinary enantioresolution with natural (-)-menthol29,31,41) To synthesize a large amount of enantiopure chiral Mƒ¿NP acid (2), the facile synthesis and enantioresolution of racemic acid 2 were carried out as shown in Figure 7 . In general, for enantioresolution of carboxylic acids, chiral synthetic amines or alkaloids have been used. However, we have adopted the following novel strategy to use chiral alcohols. In this method, chiral alcohols are condensed with racemic acid 2 and the diastereomeric esters formed are separated by HPLC on silica gel. The separated esters are then hydrolyzed to yield both enantiomers of the desired carboxylic acids.
As a chiral alcohol, naturally occurring (-)-menthol was selected and esterified with racemic acid 2. It was most surprising that the diastereomeric esters 12a and 12b formed were very easily separated by HPLC on silica gel 
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(hexane/EtOAc =10:1) as illustrated in Figure  8 . 
NMR chemical shift and IR data, it is obvious that the tertiary hydroxyl group of Hƒ¿NP esters is intramolecularly hydrogen-bonded to the oxygen atom of the ester carbonyl group. Namely, the hydroxyl group and the ester carbonyl oxygen atom take a syn conformation. We have found a very interesting fact that the NMR chemical shift data of Mƒ¿NP acid menthol ester (S;1R,3R,4S)-(-)-12a, especially those of the menthol part, are very similar to those of Hƒ¿NP acid menthol ester (S;1R,3R,4S)- (-) as shown in Figure 9 ,
(a) and (b). The same is true for the pairs of other diastereomers, (R,1R,3R,4S)-(-)-12b
and Hƒ¿NP acid menthol ester (R;1R,3R,4S)-(-) ( Figure 9 ). These facts indicate that Mƒ¿NP acid menthol esters take the syn conformation, as Hƒ¿NP acid menthol esters usually do. This fully explains the observed magnetic anisotropy effects.
By using the NMR anisotropy effect of Mƒ¿NP esters, the sector rule for determining the absolute configuration of secondary alcohols can be deduced (Figure 10 ). The basic procedure is as follows; (R)-Mƒ¿NP and (S)-Mƒ¿NP acids are separately allowed to react with a chiral alcohol, the absolute configuration of which is defined as X. So, the ester prepared from (R)-Mƒ¿NP acid has the (R,X) absolute configuration, while the other ester from (S)-Mƒ¿NP acid has the (S,X) absolute configuration. All NMR proton signals of (R,X)-and (S,X)-esters are fully assigned by careful analysis. If necessary, the use of two-dimensional spectra is suggested. The tons in the alcohol moiety. Figure  10 shows The next step is the recovery of enantiopure alcohol and chiral Mƒ¿NP acid 2. As exemplified in Figure 16 , both enantiopure alcohols were readily obtained by the solvolysis of the separated esters.36) The chiral Mƒ¿NP acid 2 was also recovered and could be recycled.
How good is the enantiopurity of the recovered alcohols? In our method, both diastereomeric esters obtained are enantiopure, if Mƒ¿NP acid 2 used is enantiopure, because they are fully separated in HPLC. The Mƒ¿NP acid 2 was enantioresolved with natural (-)-menthol, the enantiopurity of which was confirmed as 100% by the gas chromatography using chiral stationary phase. 41) As described here, Mƒ¿NP acid has excellent enantioresolving power regardless of its simple molecular structure and the absence of so-called hetero atoms. Besides, the chiral acid 2 is superior to Mosher's MTPA and Trost's MPA acids in the magnetic anisotropy effect, and, therefore, further development of this method is expected.
5.4 Recent applications of the Mƒ¿NP acid method to various alcohols: large-scale HPLC separation.33'41) The Mƒ¿NP acid method has been successfully applied to various racemic alcohols listed in Table 1 for preparation of enantiopure secondary alcohols and simultaneous determination of their absolute configurations. If the separation factor of the long distance from the Mƒ¿NP group, while the iso-butyl group shows large negative AO values. Therefore, the S absolute configuration was assigned to (-) 30a.
In the cyclic alcohol esters 31a/31b and 32a/32b, the observed AS values are similar at the corresponding positions, leading to the (1R,2S)-absolute configuration of (-)-31a and the (1R,2R)-absolute configuration of (-)-32a. The case of vicinal diol mono-Mƒ¿NP esters 33a/33b is a unique example; there was some concern that the conformation of the Mƒ¿NP group might be deviated from the ideal syn-conformation by the effect of the adjacent polar hydroxyl group. However, the distribution pattern of observed AS values is similar to that of esters 31a/31b, although their absolute values are different. So, the (1R,2R) absolute configuration was assigned to (-)-33a.
The naphthalene-cyclic alcohol esters 34a/34b are also interesting cases; the naphthalene moiety contained in the alcohol skeleton also works as a strong 1H NMR anisotropyinducing group. Therefore, it was considered that the 1H NMR anisotropy effect of Mƒ¿NP esters 34a/34b might Vol. were calculated; the phenyl group showed large positive A3 values (+0.11 -+0.43 ppm), while the 4-trifluoromethylphenyl group showed large negative AS values (-0.58 -0 .37 ppm). By applying the Mƒ¿NP sector rule, the R absolute configuration was assigned to the first-eluted Mƒ¿NP ester (-)-45a. Chiral fluorinated diphenylmethanols could be recovered by reduction with LiA1H4 from the corresponding diastereomeric Mƒ¿NP esters. So, the first-eluted Mƒ¿NP ester 45a was treated with LiA1H4, yielding enantiopure alcohol (R)-(-)-5, which was identical with the authentic sample recovered from the first-eluted CSDP ester (R)-(-)-6a. The R absolute configuration of (4-trifluoromethylphenyl)phenylmethanol (-)-5 determined by the 1H NMR anisotropy method was thus confirmed by X-ray crystallography (Table  2) .
Other fluorinated diphenylmethanols were similarly enantioresolved with CSDP acid (-)-1, and the diastereomeric mixtures obtained were subjected to HPLC on silica gel. As shown in Table 2 , diastereomeric CSDP esters of alcohols (3-CF3)-40 and (2, 6-F2)-41 were separated well with a-values of more than 1.1. The absolute configurations of esters 43a, 43b, and 44a were determined by X-ray crystallography (entries 2 and 3).
The Mƒ¿NP method was similarly applied to alcohols 40-42; it was relatively difficult to separate the diastereomeric Mƒ¿NP esters of (3-CF3)-40 and (2,6-F2)-41, because their a-values were around 1.07-1.08 (entries 5 and 6). The absolute configurations of alcohols (3-CF3)-40 and (2, 6-F2)-41 determined by the Mƒ¿NP method agreed with those obtained by the X-ray method ( Table 2 ). The absolute configuration of alcohol (4-F)-42 was determined by this method (entry 7). The Mƒ¿NP acid method is thus reliable and powerful as a molecular tool for studying the chirality of various compounds. 
Conclusion
We have developed chiral molecular tools and successfully applied those CDAs (chiral derivatizing agents) to the preparation of enantiopure alcohols by HPLC separation, and simultaneous determination of their absolute configurations by X-ray crystallography and/or by 1H NMR anisotropy method. The X-ray crystallographyic method using an internal reference is, of course, the best for determining absolute configuration. However, ideal single crystals are not always obtainable. In such a case, the 1H NMR method using Mƒ¿NP acid, which requires no crystallization, is effective. In enantioresolution, chiral CSDP acid and Mƒ¿NP acid are thus useful as the complementary molecular tools. If the resolution with one CDA is unsuccessful, the use of the other is suggested. The methods described above are very powerful for preparation of enantiomeric alcohols with 100% enantiopurity and also for simultaneous determination of their absolute configurations.
